The aim of this work is to compute the stabilization energy E stab (n) of ͓X(H 2 O) n ͔ Ϫ (XϵF, Br, and I for nϭ1 -60) clusters from Monte Carlo simulations using first-principles ab initio potentials. Stabilization energy of ͓X(H 2 O) n ͔ Ϫ clusters is defined as the difference between the vertical photodeachment energy of the cluster and the electron affinity of the isolated halide. On one hand, a study about the relation between cluster structure and the E stab (n) value, as well as the dependence of the latter with temperature is performed, on the other hand, a test on the reliability of our recently developed first-principles halide ion-water interaction potentials is carried out. Two different approximations were applied: ͑1͒ the Koopmans' theorem and ͑2͒ calculation of the difference between the interaction energy of ͓X(H 2 O) n ͔ Ϫ and ͓X(H 2 O) n ͔ clusters using the same ab initio interaction potentials. The developed methodology allows for using the same interaction potentials in the case of the ionic and neutral clusters with the proviso that the charge of the halide anion was switched off in the latter. That is, no specific parametrization of the interaction potentials to fit the magnitude under study was done. The good agreement between our predicted E stab (n) and experimental data allows us to validate the first-principles interaction potentials developed elsewhere and used in this study, and supports the fact that this magnitude is mainly determined by electrostatic factors, which can be described by our interaction potentials. No relation between the value of E stab (n) and the structure of clusters has been found. The diversity of E stab (n) values found for different clusters with similar interaction energy indicates the need for statistical information to properly estimate the stabilization energy of the halide anions. The effect of temperature in the prediction of the E stab (n) is not significant as long as it was high enough to avoid cluster trapping into local equilibrium configurations which guarantees an appropriate sampling of the configurational space. Parallel tempering method was applied in particular cases to guarantee satisfactory sampling of clusters at low temperature.
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I. INTRODUCTION
Experimental and theoretical investigations performed on ion-solvent clusters are of great importance to help in understanding the solvation phenomena of ionic solutions. 1, 2 The available experimental techniques, such as photoelectron spectrometry, allow for the study of a cluster with a specific size. On many occasions, the analysis of the results of these observations needs the knowledge of the structure of the clusters considered. In this sense, computer simulations have emerged as a powerful tool for investigating the microscopic properties of clusters in gas phase and liquid solutions. 3, 4 Nevertheless, the reliability of the results derived from numerical simulations depends critically on the potential model describing the interactions among the particles defining the system.
In our previous halide solvation studies 5, 6 the development of first-principles halide ion-water interaction potentials using the MCDHO ͑Ref. 7͒ ͑mobile charge densities in harmonic oscillator͒ model potential was presented. This model includes the polarizable and flexible character of the interacting particles that form the system. Our results 5, 6, 8 indicated that the halide ion-water interaction potentials for F Ϫ , Br Ϫ , and I Ϫ anions are able to provide structural and thermodynamic properties of both halide solutions and gas phase clusters in good agreement with the experimental estimations.
The study here presented focuses on the stabilization energy (E stab ) of halide-water clusters derived from photoelectron spectroscopy ͑PES͒. PES is well established in studying the electronic structure of negatively charged clusters. [9] [10] [11] [12] [13] [14] [15] The aim of this work is twofold. First, the relation between cluster structure and stabilization energy, as well as the dependence of the latter with temperature are studied. Second, a test on our first-principles halide ion-water interaction potentials developed and published elsewhere 5, 6 is carried out, by proposing the estimation of E stab from the developed potentials.
E stab is defined as the energy gap between the vertical photodetachment energy of the ion in the cluster BE v and the electron affinity of the bare ion EA, a͒ Electronic mail: sanchez@simulux.us.es
n being the number of solvent molecules in the cluster.
Markovich et al. 14, 15 present the experimental photoelectron spectra of Cl Ϫ , Br Ϫ , and I Ϫ hydrated clusters considering up to nϭ60 water molecules in the case of the iodide anion. Wang and co-workers 16 present experimental E stab up to nϭ4 for F Ϫ water clusters. Larger clusters of the fluoride anion could not be studied because of their small detachment cross section and extremely high electron binding energies.
Several theoretical studies about the stabilization energy of the halide-water clusters are available in literature. These studies can be divided into two different groups depending on the origin of the cluster geometries.
The first group is formed by those works that use a set of aggregates derived from ab initio calculations to obtain the stabilization energies of the ͓X(H 2 O) n ͔ Ϫ clusters. Kim and co-workers [17] [18] [19] [20] [21] work, among other properties, on the ab initio prediction of the stabilization energies of ͓X(H 2 O) n ͔ Ϫ clusters (XϵF, Cl, Br, and I, nϭ1 -6) by both calculating the interaction energies difference between the ionic and the neutral cluster and using the Koopmans' theorem. 22 Combariza et al. [23] [24] [25] carry out an ab initio study of the chloride-, bromide-, and iodide-water clusters to establish which are the prevalent isomers in gas phase. They used the agreement between stabilization energies obtained from the Koopman's theorem and binding enthalpies with the experimental data.
The second group is formed by the studies that compute stabilization energies of ͓X(H 2 O) n ͔ Ϫ clusters using structures from numerical simulations. Dang et al. 26, 27 study the iodide ion-water system using additive and nonadditive model interaction potentials, as well as classical and quantum mechanical simulations. Two different interaction potentials were considered for the computation of the interaction energies of ionic and neutral halide-water clusters. For the latter, the interaction potential was fitted in such way that the experimental E stab (1) was properly reproduced. These authors conclude that there is a small effect with respect to both the temperature and the inclusion of quantum effects to reproduce experimental stabilization energy. E stab depends on the differences between neutral and ionic ground states and, even though quantum effects are important in both states, there is a cancellation of these quantum effects when the difference is carried out. Perera et al. 28, 29 suggest the need for using a halide ion-water interaction potential including many-body effects to reproduce their experimental stabilization energies. These authors find that the temperature at which numerical simulation is carried out does not have influence on E stab , as long as the configurational space is properly sampled. As Dang et al., 26, 27 Perera et al. 28, 29 consider different interaction potentials for computing the interaction energy of the ionic and neutral halide-water aggregates.
To our best knowledge, there are no E stab estimations derived only from first-principles halide ion-water interaction potentials.
II. COMPUTATIONAL METHODS
The quantum-mechanical computation of the photodetachment energy for a cluster with n solvent molecules requires the determination of the energy associated to the electron ionization process for the halide anion and the solvated one. Alternatively, the photodetachment energy could be calculated by switching off the interactions related to the negative charge on the anion, or removing an electron from the highest occupied molecular orbital in theoretical calculations. It is worth pointing out that when n increases, statistical distributions become important and single point calculations on a given structure might be not longer representative. In addition, for medium and large values of n ab initio computations are not feasible because of cost.
There is experimental uncertainty in the temperature of experiments which were obtained possibly around ϳ70 K. 14, 15 To establish the importance of temperature effects on the cluster structure, Monte Carlo ͑MC͒ simulations of ͓X(H 2 O) n ͔ Ϫ clusters (XϵF, Br, and I͒ at 70, 150, 200, and 250 K were carried. For each cluster 200M configurations (M ϵ10 6 ) of MC simulations were produced. Configurations were saved every 1M steps for further analysis.
In this work, stabilization energies have been obtained from two different approximations employing configurations from the MC simulations. These two approximations are:
͑1͒ Using the Koopmans' theorem. 22 Although some authors 17, 20, 21, 24 demonstrate that the use of Koopmans' theorem to compute ionization potentials of bare anions and ͓X(H 2 O) n ͔ Ϫ clusters overestimates the results by 0.4 -0.5 eV, its use to get ionization potential differences is suitable [23] [24] [25] because almost the same error exists in both systems.
͑2͒ Calculating the difference between the interaction energy of ͓X(H 2 O) n ͔ Ϫ and ͓X(H 2 O) n ͔ clusters using ab initio interaction potentials. Differing from the strategy followed by Dang et al. 26, 27 and Perera et al., 28, 29 we do not develop different interaction potentials for the neutral and ionic aggregates. This way, the interaction energy of the neutral cluster was obtained by switching off the halide charge of the MCDHO halide-water interaction potential while the rest of parameters were kept unchanged.
The theoretical ionization potentials ͑IP͒ by means of Koopmans' theorem were computed at the self-consistent field level considering DZ basis sets augmented by polarization and diffuse basis functions. [30] [31] [32] [33] [34] An effective core pseudopotential ͑ECP͒ was used to describe the core electrons in the case of the iodide ion, namely, the SDB-ECP, 35 while the aug-cc-pVTZ basis sets augmented with polarization functions 36 were used for the valence electrons. To compute the average E stab (n) in ͓X(H 2 O) n ͔ Ϫ clusters using the MCDHO ion-water interaction potentials two assumptions were made. First, the photodetachment process is fast enough so that the geometry of the cluster does not change. Second, the induced polarization on the water molecules in ͓X(H 2 O) n ͔ Ϫ remains unchanged in the neutral cluster, that is to say, it is assumed that neither nuclear nor electronic relaxation in the cluster take place during the photoionization process. These assumptions are, basically, the same as that in Koopmans' theorem.
The magnitudes on the right-hand side of Eq. ͑1͒ are defined as
where E n , E n Ϫ , E, and E Ϫ are the total energies of
Ϫ , X, and X Ϫ species, respectively. The total energies E n and E n Ϫ can be expressed by the following energy partition:
Ϫ clusters, respectively, and nE H 2 O is the energy of the n water molecules. Substituting the previous definitions into Eq. ͑1͒, E stab (n) can be defined as
Within the statistical framework, as that adopted in this work, the consideration of the expected values for E int leads to
E stab (n) calculations at the temperatures previously cited were performed for all the structures saved along the MC simulation corresponding to a cluster of a given number of water molecules. Table I shows the calculated and experimental E stab (n) along with associated error for ͓X(H 2 O) n ͔ Ϫ clusters with n р4 at 200 K. A good agreement is found between both theoretical estimations ͑average deviation around 5%͒. In the case of the bromide and iodide anions a similar average deviation is found comparing theoretical and experimental results. On the contrary, significant differences (ϳ20%) are observed for the fluoride-water clusters. This fact will be treated in detail below. The results obtained do not change when the number of structures considered from MC simulations was increased by saving every 0.1M configurations instead of every 1M .
III. RESULTS AND DISCUSSION
The agreement found between Koopmans and experimental estimations validates the assumptions used in computing the E stab (n) from first-principles interaction potentials, that is, the repolarization of the cluster during the photodetachment process is negligible. Likewise, the small differences between computed stabilization energies for the small clusters gives confidence in the use of MCDHO estimations in the case of larger clusters that are too computationally demanding for ab initio calculations.
The structural analysis of the cluster geometries employed in Table I shows the lack of a direct relation between the value of E stab and the relative halide ion-water positions in the cluster. This is illustrated in Fig. 1 which shows how clusters having different structures present similar values of E stab (n) and vice versa. What is more, there is no connection between the interaction energy of the ionic cluster ͑given in parenthesis in Fig. 1͒ and E stab , for example, ͓Br(H 2 O) 3 ͔ Ϫ clusters in Fig. 1 with almost the same interaction energies (Ϫ32.7 and Ϫ32.8 kcal/mol) have different E stab (3) ͑1.68 and 1.49 eV͒. Similar examples are found for the other halides. Thus, it is not possible to discriminate among different structures only based on this property. Our conclusions on this matter are partly opposite to those presented by Combariza et al. 24, 25 who find evidences about a prevalent isomer of ͓X(H 2 O) n ͔ Ϫ clusters comparing the experimental E stab (n) and those obtained from ab initio calculations on minimum structures. Nevertheless, these authors work on minima structures at 0 K and limit their study only to a few conformers. It is interesting to consider that in the case of halide microhydration many of the optimized structures have similar energies and the order of stability can change when thermal corrections and zero point vibrational effects are included. 17, 19, 20, [37] [38] [39] Thus, it could be unsafe trying to understand the structure of ͓X(H 2 O) n ͔ Ϫ clusters in terms of local minima. In this sense, the analysis of our MC trajectories indicates how different structures with similar interaction energy present different E stab values. Therefore, the consideration of a large number of structures seems to be mandatory. In a rather different framework, such as the computation of X-ray absorption spectra of bromide aqueous solutions, quite close conclusions are achieved. 8 The experimental and computed E stab (n) using MCDHO interaction potentials at 200 K is plotted in Fig. 2 . The agreement is fairly good, particularly if one bears in mind that no empirical information has been included in the development of the interaction potentials used and the same parameters, except the halide charge, have been considered for the ionic and neutral halide-water clusters. The trend observed along the halide group shows a decrease of the E stab (n) going from F Ϫ to I Ϫ . The analysis of this figure provides information of the size dependence on vertical ionization, a fact that has already been observed. 14, 15, [23] [24] [25] The associated uncertainties of the E stab (n) for the larger ͓I(H 2 O) n ͔ Ϫ clusters is included in Fig. 2 . They show that the discrepancies between computed and experimental estimations are within the range of these uncertainties. In addition, it should be taken into account that the experimental estimation of E stab (n) for larger clusters may be partially clouded by inelastic scattering of the emerging photoelectrons what may cause an increase of the magnitude. 14 For clusters from 1 to 10 water molecules, Fig. 3 shows the E stab (n) values obtained at three different temperatures, 150, 200 and 250 K. Like previous works, 26 -29 our results are not temperature depending. Figure 3 also includes the uncertainty associated to the magnitude which increases when higher temperatures are considered. At Tϭ250 K, the standard deviation associated to the E stab (n) estimation for nу6 give rise to the overlap between E stab (n) and E stab (n ϩ1). This being particularly relevant for the case of iodide where the E stab gap between n and nϩ1 is far smaller for nу6. Markovich et al. 14 postulate the completeness of the first hydration shell of the iodide ion for nϭ6 on the basis of the small difference found between E stab (6) and E stab (7) . Although our results predict this small difference, they do not support the idea of a fully solvated iodide ion, because the structural analysis of the trajectory used to calculate E stab (6) indicates a preference of the structures where the iodide ion is on the surface of the cluster and some of the water molecules are located on the second solvation shell, as shown in Fig. 4 , what also agrees with the results of Dang and Garret. 26 A parallel study has been performed at 70 K, but in this case a clear dependence on the initial configuration is found. At this temperature, the cluster is trapped into energy minima without being able to overcome the barrier and difficulting an appropriate sampling of the configurational space. In that   FIG. 2 respect, E stab (8) for the iodide anion can be found equal to 2.4 or 2.0 eV depending on the initial configuration used. Similar results to those obtained at 70 K have been found for larger aggregates (nу50) of the iodide anion at Tр200 K, that is, the final average value of E stab (n) is clearly biased by the starting point structure.
In order to ascertain if the variations of E stab estimations observed for clusters at 70 K and bigger clusters (nу50) of the iodide ion at Tр200 K are only due to a sampling deficiency, we have used the parallel tempering 40 ͑PT͒ method. This technique allows to overcome energy barriers that arise in the potential energy surfaces of the halide ion-water aggregates. In parallel tempering, a series of noninteracting replicas of the system under study is considered simultaneously. Each replica of the system can be viewed in a different state, characterized by some variables ͑e.g., temperature͒. The key of the PT is that in addition to conventional MC moves within each of the replicas, the identity of any two replicas is allowed to mutate. Supposing two replicas, i and j, such a mutation is accepted with probability
where ⌬U i j is the difference in energy between replicas i and j and ⌬␤ i j is the difference between their inverse temperature. As can be infered from Eq. ͑6͒, the acceptance rate for mutation moves will be sufficiently high only when the energy distribution functions for different states overlap significantly.
In the case of the small clusters at 70 K we have applied PT method to the ͓I(H 2 O) 8 
)]
Ϫ aggregate that gives rise to two different E stab (8) estimations depending on the initial structure. Seven replicas ͑states͒ characterized by seven different temperatures ͑60, 70, 90, 110, 130, 150, 170 K͒ were considered. Configurations (200M ) were run for each temperature trying mutations every 20 000 steps. The E stab (8) estimations at each temperature are included in Table II and shows how E stab (8) at 70 K has a value in agreement with those at higher temperatures where ergodicity problems are not present.
An analysis of two trajectories of the ͓I(H 2 O) 60 ͔ Ϫ aggregate at 200 K, which result in different average value of E stab (n) ͑3.0 vs 3.3 eV͒, indicates that the anion does not change its relative position in the clusters along the MC simulation. This analysis has been performed by plotting the distance between the iodide anion and the center of mass of the water molecules in the cluster along the trajectory. This plot is displayed in Fig. 5 and shows how the iodide ion stays approximately in the same place, i.e., if the anion is located on the surface of the cluster is not able to break the network of water molecules to penetrate inside the aggregate and vice versa. The situation is different at higher temperatures because the anion can move from the interior to the surface of the cluster without major problem. A PT MC simulation considering five different temperatures ͑190, 200, 217, 234, and 250 K͒ were used to compute E stab (60) of the ͓I(H 2 O) 60 )] Ϫ cluster at 200 K. 200 M configurations were run for each temperature trying mutations every 10 000 steps. The plot of the distance between the iodide anion and the center of mass of the water molecules in the cluster along the trajectory at 200 K using PT is showed in Fig. 6 . This figure indicates how the anion changes its relative position in the cluster along the trajectory resulting in a E stab (60) estimation of 3.1 eV. The results for the rest of temperatures are also included in Table II .
These two examples show that there is no dependence of E stab with the temperature at which the structures have been 27, 41 in Tables III and IV . The agreement found with the experimental data is very good. Figure 7 shows the E stab (n) estimations normalized to E stab (1) ͓E stab (n)/E stab (1)͔ for F Ϫ , Br Ϫ , and I Ϫ . This transformation, suggested by Perera and Berkowitz, 28 allows the comparison of the property along the group easily. The experimental results ͑at the top of Fig. 7͒ show a different behavior of the fluoride ion in comparison with the bromide and iodide ones. Nevertheless, the absence of data for larger clusters in the case of the fluoride ion precludes an extensive comparison of the different behavior among the halide clusters. The computed theoretical estimations show ͑at the bottom of Fig. 7͒ the same tendency and confirm the different quantitative behavior of the fluoride anion. This fact has already been observed by us in a previous study of the structural properties of the halide solvation, 5, 6 where the fluoride ion differs from the rest of the group.
The agreement found between experimental and theoretical results improves when the normalization transformation is done. What is more, Figure 8 shows how the discrepancies observed among Koopmans, MCDHO, and experimental estimations of the fluoride-water clusters are diminished to a great extent. This seems to suggest that there would be an offset in the predicted values of the fluoride-water clusters that once corrected for nϭ1 would not appear again for larger n values.
IV. CONCLUDING REMARKS
We have predicted the stabilization energies of ͓X(H 2 O) n ͔ Ϫ clusters coming from MC simulations at different temperatures using first-principles ab initio potentials. The good agreement between our predicted E stab (n) and experimental data allows us to validate the first-principles interaction potentials developed elsewhere and used in this study. 5, 6 It is particularly significant that this agreement was achieved without any specific parametrization of the interaction potentials to fit the magnitude under study. The fact that the difference between vertical photoionization of the halide clusters could be pretty well predicted by the cancellation of the net charge in the classical MCDHO interaction potential is a clear evidence of the electrostatic control of the E stab (n) magnitude. This should not be too surprising if one recognizes that the magnitude examined is the difference between the quantum mechanical property of the vertical ionization potential for two intimately related systems, X Ϫ and ͓X(H 2 O) n )] Ϫ . Results show that E stab (n) increases with the number of solvent molecules asymptotically to the value for infinite dilute solution.
Although there is no important influence of temperature on the E stab estimations, the uncertainty associated increases with it. The relevant aspect associated to temperature is the limited efficiency for sampling the configurational space of some of these systems when low temperature are considered, which can be solved by alternative approches such as PT method.
A clear relationship between the value of E stab (n) and the kind of structure that clusters present has not been found. Besides, the decreasing of the difference E stab (n)ϪE stab (n Ϫ1) cannot be taken as criterion to identify when the halide ion is fully solvated, especially, in the case of the iodide anion where surface structures are dominant.
The diversity of E stab (n) values found for different clusters with similar stability indicates the need for statistical information to properly understand the stabilization energies of the halide anions.
E stab (n) decreases from F Ϫ to I Ϫ clusters. The discrepancies found between the fluoride, and bromide and iodide anions stresses the differential behavior that the former halide presents along its group.
Despite the fact that both theoretical estimations ͑Koop-mans and MCDHO͒ are adequate to reproduce experimental E stab of ͓X(H 2 O) n ͔ Ϫ clusters, the use of MCDHO firstprinciples interaction potentials supplys interesting adventages: it is less computationally demanding and can give access to larger clusters that could not be treated with ab initio methods.
